Regulation quality for frequency response of turbine regulating system of isolated hydroelectric power plant with surge tank. Abstract: Aiming at the isolated hydroelectric power plant (HPP) with surge tank, this paper studies the regulation quality for frequency response of turbine regulating system under load disturbance. Firstly, the complete mathematical model of turbine regulating system is established and a fifth order frequency response under step load disturbance is derived. Then, the method of primary order reduction and secondary order reduction, for this complete fifth order system of frequency response, is proposed based on dominant poles. By this method, the complete fifth order system is solved and the regulation quality for frequency response is studied. The results indicate that the complete fifth order system always has a pair of dominant conjugate complex poles and three non-dominant poles. The primary fourth order equivalent system, which is obtained by primary order reduction, keeps the dominant poles almost unchanged, therefore it can represent and replace the complete fifth order system and it is obviously superior to other fourth order systems. The primary fourth order equivalent system is superimposed by two second-order subsystems, one of them is corresponding to two non-dominant real poles (i.e. head wave) and the other one is corresponding to a pair of dominant conjugate complex poles (i.e. tail wave), respectively. In the fluctuation process of frequency response, head wave decays very fast and works mainly in the beginning period while tail wave decays very slowly, fluctuates periodically and works throughout the period. The secondary order reduction of complete fifth order system can be conducted by using the second order system of tail wave, which is the main body of 
Introduction
One of the main tasks of power system operation is to control grid frequency in the allowable variation range of rated frequency to ensure grid power quality when grid load changes, and load frequency control (LFC) is the primary measure to accomplish this task [1] . In modern power system, hydroelectric power plant (HPP) undertakes the major task of peak modulation (PM) and frequency modulation (FM) due to its characteristic of flexible operation. LFC of hydroelectric generating units is actualized by turbine control system (the core component is governor) [2] .
Grid-connected operation and isolated operation are the main operation modes of hydroelectric generating units. The former is the normal and primary operation mode and the later serves in accidental and transient cases.
For grid-connected operation mode, LFC is implemented by the automatic generation control (AGC) system of grid and AGC system of power plant on the turbine control system to accomplish primary frequency regulation (PFR), secondary frequency regulation (SFR) and exchange power control among regional grids, etc. There are considerable researches in this field [3] [4] [5] [6] [7] [8] [9] [10] [11] . Some advanced control strategies such as fuzzy control [6, 7] , robust control [8, 9] and intelligent discontinuous control [10] were applied to the design of load frequency controller, and good control effects were achieved. Under isolated operation mode, the operating conditions of governor are complicated due to the influence of the value of load change and the load characteristics of isolated grid et al. Hence, maintaining the grid frequency within a certain range is indeed a challenge. National standard of China [12] stipulates the limit value of decay rate for frequency response of isolated HPP under load disturbance. In practical cases, the frequency response is required to have good regulation quality on the premise of the satisfaction of stability. As to the issue of regulation quality of frequency response, references [13] [14] [15] carried out theoretical analysis, model test and numerical simulation on HPP without surge tank, and analyzed the setting and effect of governor parameters; however, there is little research on HPP with surge tank. It is well recognized that surge tank is indeed an important measure of pressure reduction. Since the influence of water-level fluctuation in surge tank, the wave form of frequency response shows the characteristic of head wave and tail wave [16] , which is significantly different from the case without surge tank (shown in Fig.  1 ). The fluctuation characteristics of head wave and tail wave and the effect of system parameters on wave form were analyzed by numerical simulation [16] [17] [18] . By solving the fluctuation equation of tail wave, the fluctuation characteristics of tail wave and its relationship with regulation quality were studied [19, 20] . It can be found that the researches in references [16] [17] [18] [19] [20] exist two major limitations. Firstly, most of the research techniques were numerical simulation. Due to the lack of theoretical analysis, the essence and change rule of regulation quality could not be revealed and recognized clearly. Secondly, in the process of theoretical analysis, the mathematical model of turbine regulating system was simplified too much to reduce the order of overall transfer function, because high order equations, especially fifth-order (or higher) equations, were difficult to analyze theoretically. Specifically, reference [19] obtained a second order overall transfer function by assuming that the water-level fluctuation in surge tank was a sinusoidal wave and neglecting the water inertia of penstock and the head loss of entire pipeline; reference [20] obtained a fourth order overall transfer function by neglecting the water inertia and head loss of penstock. The complete mathematical model was not established and the simplified models could not represent the original turbine regulating system accurately. This paper aims to overcome the above two limitations and further study the regulation quality for frequency response of turbine regulating system in isolated HPP with surge tank under load disturbance. There are two motivations: (1) for isolated HPP with surge tank, reveal the relationship between the dominant / non-dominant poles and the different terms of denominator of overall transfer functions, and then establish the corresponding relation between the dominant / non-dominant poles and the
Head wave

Tail wave head / tail wave of time response of the frequency; (2) propose the method of order reduction for high order system (fifth-order), and then work out the analytic formulae of fluctuation characteristic parameters which evaluate the control quality (the main motivation). The results obtained in this paper can provide a guidance for the improvement of control quality of hydroelectric generator unit with surge tank under isolated operation.
This article is organized as follows. In Section 2, the complete mathematical model of turbine regulating system that includes all subsystems (i.e. headrace tunnel, surge tank, penstock, turbine, generator and governor) is established. In Section 3, the overall transfer function is derived from complete mathematical model. In Section 4, the frequency response under step load disturbance is derived from overall transfer function. Then primary order reduction, which overcomes the problem of the solution of fifth order system, is proposed based on dominant poles. In Section 5, the fluctuation equations of head wave and tail wave of frequency response are solved from the equivalent system obtained by primary order reduction. Based on their fluctuation equations, the formation mechanisms, change rules and relationships with regulation quality of head wave and tail wave are revealed. Then secondary order reduction is proposed based on dominant poles, by using tail wave to represent the fluctuation characteristics of frequency response. According to the fluctuation equation of tail wave, the most important index of dynamic regulation quality, i.e. settling time, is obtained and the effects of influencing factors on settling time are investigated.
Mathematical model
The turbine regulating system of isolated HPP with surge tank is illustrated in Fig. 2 (1) Controlled system [21] [22] [23] [24] Momentum equation of headrace tunnel:
Continuity equation of air cushion surge tank containing state characteristic of gas (conventional open-type surge tank is the special case of air cushion surge tank):
Momentum equation of penstock: 
The nomenclatures in Eqs. (1)- (7) are presented in Appendix A.
Derivation of overall transfer function
For the situation of grid load disturbance, the block diagram of turbine regulating system is obtained from Eqs. (1)- (7) and shown in Fig. 3 , where Gs(s)=H(s)/Qt(s) is the transfer function of pipeline system and it is derived from the Laplace transform of Eqs. (1)- (3). s is complex variable. According to Fig. 3 and the Laplace transform of Eqs. (1)- (7), the following overall transfer function of turbine regulating system is obtained (Mg(s) and X(s) are the Laplace transforms of load disturbance mg and frequency response x, respectively, and the former is input signal and the later is output signal.):
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The expressions of coefficients in Eq. (8) are presented in Appendix B.
Primary order reduction of turbine regulating system
The input signal for a step load disturbance can be computed from Mg(s)=mg0/s, in which mg0 is relative value of the load step. Substitution of Mg(s)=mg0/s into Eq. (8) yields the following output signal for frequency response. 
Eq. (9) shows that the frequency response derived from complete mathematical model of turbine regulating system under load disturbance is a fifth order system, which is called complete fifth order system in this paper. The denominator of this system is quintic (corresponding to the fifth order linear homogeneous differential equation) and cannot be factorized. Therefore it is not only impossible to solve the fluctuation equation of frequency response (i.e. x=x(t)) from complete fifth order system (Eq. (9)) directly, but also difficult to carry out theoretical analysis. According to Galois theory [25] , fifth-order (or higher) equations have no extract roots formulas. Hence, the order reduction is the only method to solve Eq. (9) . The order reduction of this paper is based on pole locations of system.
Pole analysis
Since the poles of complete fifth order system cannot be solved analytically, we can only analyze the pole locations for specific HPP by numerical calculation. Hence, three different types of HPPs with upstream air cushion surge tanks are selected (basic information are shown in Table A .1 of Appendix C), and the results of their pole locations are listed in Table 1 -2, in which nf=F/Fth is amplification coefficient of sectional area of surge tank and Fth is critical stable sectional area. Table 1 Pole locations for complete fifth order systems of different HPPs (bt=0.5, Td=10s, nf=1.2). Table 2 Pole locations for complete fifth order system of HPP A under different parameters. Table 1 -2 show that:
HPP Poles
(1) The real parts of five poles of each complete fifth order system are all negative. It indicates that the systems are stable under these selected parameters.
(2) There always exists a pair of conjugate complex poles (s4, s5), and the absolute values of their real parts are much less than those of the other three poles (the latter is 77-1877 times larger than the former). It indicates that they are much closer to imaginary axis. Hence, this pair of conjugate complex poles are dominant poles [26] . The other three poles (s1, s2, s3), either three real poles or one real pole and a pair of conjugate complex poles, are all non-dominant poles [26] .
Primary order reduction
By deleting the leading term, i.e. a0s 5 , the denominator of complete fifth order system becomes Table 3 -4 show that:
(1) The real parts of four poles of each system after deleting the leading term a0s 5 are also all negative. This shows that the deletion of leading term a0s 5 will not affect the stability of system.
(2) There still exists a pair of dominant conjugate complex poles (s4, s5), and their values almost remain the same as those before deleting the leading term (only dominant poles of HPP C change from -0.001166±0.017323i to -0.001164±0.017329i, and all the rest remain unchanged.). This shows that the deletion of leading term a0s 5 will not change the type, amount and the values of dominant poles. The other two non-dominant poles (s2, s3) are real.
The dominant poles of closed-loop system have the greatest effect on transient response process, i.e. they determine the type of response and play a controlling role during the process. Hence, primary order reduction of complete fifth order system can be conducted based on the above pole analysis. Then the primary fourth order equivalent system for frequency response of turbine regulating system under load disturbance is obtained as follows:
The primary fourth order equivalent system (Eq. (10)) is applied to replace complete fifth order system (Eq. (9) Table A .1 are still taken as examples for comparative analysis of frequency responses of these two systems. The load disturbance is a 10% step reduction when the unit operates at rated power output, i.e. mg0=-0.1. The comparisons of frequency responses are shown in Fig. 4 and the characteristic parameters of response curves are listed in Table 5 . 
), i.e. XE(s)≈X(s). The three HPPs in
Table 5
Characteristic parameters of response curves of complete fifth order system, primary fourth order equivalent system and fourth order system in reference [20] under mg0=-0.1. 1-complete fifth order system; 2-primary fourth order equivalent system; 3-fourth order system in reference [20] ; 4-complete fifth order system, Twt=0; 5-complete fifth order system, ht0=0 Fig. 4 and Table 5 show that:
Types of frequency responses
(1) Deleting the leading term a0s 5 leads to a slight difference in the beginning of frequency response curves (i.e. head wave) and almost no difference in the follow-up period (i.e. tail wave). Concretely, the reduction rates of maximums of head waves for four types of frequency responses are 9.83%, 4.82%, 14.31% and 9.62%, respectively. For tail waves, only the amplitude of HPP C changes from 363.1896s to 363.1884s while all the rest characteristic parameters remain unchanged. These results indicate that the leading term of the denominator of complete fifth order system has a small effect on head wave and almost no effect on tail wave.
(2) The tendency of frequency response curve of primary fourth order equivalent system is in accordance with that of complete fifth order system, and there is the satisfactory agreement between these two curves. Therefore, primary fourth order equivalent system can represent the fluctuation characteristics of complete fifth order system accurately and it is feasible to replace the latter by the former.
Comparison of different fourth order systems
A fourth order system is obtained in reference [20] , for the case in which the water inertia and head loss of penstock are both neglected. This system is the special case of complete fifth order system in condition of Twt=0 and ht0=0. For analyzing the difference between fourth order system in reference [20] and primary fourth order equivalent system and verifying the applicability of fourth order system in reference [20] , the frequency responses of three HPPs in Table A .1 under mg0=-0.1 are calculated and shown in Fig. 4 and Table 5 . For comparison, the response curves of complete fifth order system in condition of Twt=0 and that in condition of ht0=0 are plotted in Fig. 4 (d) .
It is shown in Fig. 4 and Table 5 that:
(1) For the HPPs with different net heads, the maximums of head waves of fourth order system in reference [20] are less than those of complete fifth order system. The reduction rates of four types of frequency responses are 19.28%, 10.75%, 29.61% and 27.66%, respectively, and these rates are greater than those of primary fourth order equivalent system.
(2) For the high head HPP (A), there is good agreement between the tail wave of fourth order system in reference [20] and that of complete fifth order system under different governor parameters and sectional areas of surge tank. Concretely, only the amplitude of tail wave under the combination of bt=0.8, Td=15s and nf=1.3 changes from 0.0054 to 0.0052, while all the rest characteristic parameters remain unchanged. For the middle and low heads HPPs (B and C), the agreement between the tail waves of fourth order system in reference [20] and that of complete fifth order system is poor, and the lower the head, the poorer the agreement. More exactly, the tail wave period of HPP B remains the same, however its amplitude and decay rate decrease by the rates of 12.19% and 28.57%, respectively; the amplitude and period of tail wave of HPP C decrease by the rates of 23.94% and 1.70%, respectively, and the decay rate increase by the rates of 33.33%. These results indicate that fourth order system in reference [20] cannot represent the fluctuation characteristics of complete fifth order system accurately.
(3) As pointed out above, fourth order system in reference [20] is the special case of complete fifth order system in condition of Twt=0 and ht0=0. This shows that the difference between these two systems is caused by the values of Twt and ht0. As shown in Fig. 4 (d) , there is a close agreement of head waves between complete fifth order system in condition of Twt=0 and fourth order system in reference [20] , and a very close agreement of tail waves (only period increases by the rate of 0.58%) between complete fifth order system in condition of Twt=0 and that in condition of Twt≠0; there is a close agreement of head waves between complete fifth order system in condition of ht0=0 and that in condition of ht0≠0, and a very close agreement of tail waves (only period decreases by the rate of 0.56%) between complete fifth order system in condition of ht0=0 and fourth order system in reference [20] . These results indicate that Twt and ht0 have evident influences on the frequency response under load disturbance. Twt mainly influences head wave while ht0 mainly affects tail wave, and the extent of influence will increase with the decrease of the net head.
In short, the fourth order system in reference [20] , obtained by neglecting the water inertia and head loss of penstock, is only applicable to high head HPP. Hence, for the study of regulation quality for frequency response of turbine regulating system under load disturbance, primary fourth order equivalent system is more accurate and reasonable in comparison with fourth order system in reference [20] .
Regulation quality for frequency response of turbine regulating system
In this section, the regulation quality for frequency response of turbine regulating system is analyzed by using primary fourth order equivalent system.
Fluctuation characteristics of frequency response
Firstly, the fluctuation characteristics of frequency response of primary fourth order equivalent system are analyzed. The poles of the system (i.e. Eq. (10) 
Using Eqs. (12)- (13), primary fourth order equivalent system (Eq. (10)) is decomposed into the sum of two second order systems as follows:
In Eqs. (15)- (16),
C5, C6, C7
and C8 can be determined by solving the following system of linear equations: As found in Section 4.2, primary fourth order equivalent system has a pair of dominant conjugate complex poles and two non-dominant real poles. For stable system, the real parts of dominant conjugate complex poles are negative and their absolute values are minimum among all poles [21, 26] . Then it is obtained that C1>C3>0. Hence, the absolute values of real parts of poles determined by Eqs. (13) are less than those determined by Eqs. (12) . Therefore, the dominant conjugate complex poles are determined by Eqs. (13) and the two non-dominant real poles are determined by Eqs. (12), i.e. the second order system expressed by Eqs. (16) is the system which contains the dominant conjugate complex poles and the second order system expressed by Eqs. (15) is the system that contains the two non-dominant real poles.
According to the inverse Laplace transform of Eqs. (14)- (16), the following fluctuation equations for frequency response of primary fourth order equivalent system are obtained: 
Eq. (18) shows that the fluctuation of frequency response xE(t) is superimposed by two sub fluctuations (i.e. x1(t), x2(t)), as shown in in Fig. 5. x1(t) is the sub fluctuation corresponding to the two non-dominant real poles, which decays fast and mainly affects the head wave. x2(t) is the sub fluctuation corresponding to dominant conjugate complex poles, which decays slowly, fluctuates periodically and determines the tail wave. Taking HPP C as example, Fig. 6 shows the effects of Twy, Twt, nf, bt and Td on the head wave and tail wave of frequency response. It is shown in Fig. 6 that:
(1) Head wave: Twy has almost no influence on the crest of head wave. The values and occurrence time of crests are almost the same when Twy takes different values. Twt has an obvious influence on the crest. With the increase of Twt, the value of crest increases and its occurrence time becomes earlier. nf has a relatively large influence on the crest. When nf increases, the value of crest increases, but the occurrence time remains almost stable. bt and Td have evident influences on the crest. With the rise of bt and Td, the crest becomes larger and occurs later.
(2) Tail wave: Twy, nf, bt and Td all have important influences on tail wave, and the change of their values alters the amplitude, period, decay rate and initial phase of tail wave obviously. Twt only has little influence on tail wave.
Secondary order reduction
The tail wave is corresponding to the dominant conjugate complex poles of primary fourth order equivalent system, and it is the main body of frequency response and the principal factor which determines the regulation quality. Hence, the regulation quality of frequency response can be analyzed based on tail wave.
According to the above analyses, secondary order reduction of complete fifth order system can be conducted based on tail wave, i.e. the second order system expressed by Eq. (16) The most important dynamic performance index which evaluates the regulation quality of frequency response is settling time, which is the time from the occurrence of step load disturbance to reaching a new steady state. For engineering application, the settling time is defined as that the deviation between x and x0 is no more than the allowable fluctuation bandwidth of frequency Δ [29] . The expression of settling time Tp [26] can be derived from Eq. (20) as follows:
where the value of Δ is ±0.2% for strong grid and ±0.4% for small grid [29] .
Eq. (21) shows that the value of Tp is determined by K2 and δ2. It is worth noting that Eq. (21) is only an approximate formula, and Tp is actually influenced by T and φ as well.
Influencing factors analysis for regulation quality
Taking HPP C as an example, the effects of characteristic parameters of turbine regulating system (including Twt, nf, p0, l0, m, bt, Td, eg, Ta, mg0) on settling time Tp are analyzed and shown in Fig. 7 . In order to reflect the changing mechanism of Tp more clearly, Fig. 7 (1) Twt and Ta have small influences on settling time and characteristic parameters of damped vibration. With the rise of Twt and Ta, Tp rises and the regulation quality becomes worse as a consequence. However, the deterioration of regulation quality is actualized by increasing K2 and φ and decreasing δ2 and T when Twt increases while by increasing K2 and T and decreasing δ2 and φ when Ta increases. In addition, the variations of Tp, K2, δ2, T and φ with Twt and Ta are approximate linearity.
(2) nf, p0, l0, m, bt, Td and eg have crucial influences on settling time and characteristic parameters of damped vibration. With the increase of nf and l0 and the decrease of p0 and m, Tp reduces and the regulation quality becomes better as a consequence which is caused by increasing δ2 and T and decreasing K2 and φ. There exist critical values of nf, p0 and l0. In the right side of the critical values of nf and l0 and the left side of the critical value of p0, δ2 is larger than zero, and Tp will tend towards infinite when nf, p0 and l0 tend to their critical values; in the opposite sides of the critical values of nf, p0 and l0, δ2 is less than zero which indicates the system is unstable. With the rise of bt and Td, K2, δ2 and T increase and φ decreases, which lead to that Tp increases first and decreases afterward. As a result, the regulation quality becomes better firstly and worse afterward. With the rise of eg, Tp reduces because of the increase of δ2 and T and the decrease of K2 and φ, which indicates that the regulation quality becomes better.
(3) mg0 is an extraneous influencing factor. Hence, its value has no influence on δ2, T and φ because they reflect the inherent characteristics of system. When the other parameters remain unchanged, φ between load reduction (i.e. mg0<0) and load increment (i.e. mg0>0) differs by π. With the increase of |mg0|, Tp increases because of the rise of K2, and the regulation quality becomes worse as a consequence.
Conclusions
This paper proposes primary order reduction and secondary order reduction method for frequency response of turbine regulating system of isolated HPP with surge tank under load disturbance based on dominant poles. The complete fifth order system is solved and the regulation quality for frequency response is studied. The major conclusions are summarized as follows:
(1) The frequency response of complete mathematical model of turbine regulating system is a fifth order system. The complete fifth order system always has a pair of dominant conjugate complex poles, and the deletion of leading term a0s 5 of the denominator will not change not only the type and amount but also the values of dominant poles. Primary order reduction of complete fifth order system can be conducted by deleting the leading term, and the primary fourth order equivalent system can represent and replace the complete fifth order system.
(2) The fourth order system in reference [20] , obtained by neglecting the water inertia and head loss of penstock, is just applicable to high head HPP and not suitable to middle and low heads HPP. The lower the net head, the worse the agreement between fourth order system in reference [20] and complete fifth order system. The difference of head wave between these two systems is caused by Twt, while the tail wave difference is generated by ht0. Therefore, the primary fourth order equivalent system is more accurate and reasonable in comparison with fourth order system in reference [20] .
(3) The primary fourth order equivalent system is superimposed by two second-order subsystems, one of them is corresponding to two non-dominant real poles (i.e. head wave) and the other one is corresponding to a pair of dominant conjugate complex poles (i.e. tail wave), respectively. During the frequency fluctuation, head wave decays very fast and works mainly in the beginning period while tail wave decays very slow and fluctuates periodically and works throughout the period. Twy, nf, bt and Td have different influence on the fluctuation characteristics of head wave and tail wave.
(4) Tail wave is the main body of frequency response and the principal factor which determines the regulation quality. The secondary order reduction of complete fifth order system can be conducted by using the second-order system of tail wave to represent the characteristics of fluctuation frequency. The system of tail wave is a damped vibration. The characteristic parameters of turbine regulating system (including Twt, nf, p0, l0, m, bt, Td, eg, Ta, mg0) have different influence on settling time which evaluates the regulation quality of frequency response. (3) mg is actually equal to the relative deviation of load in the isolated operation. Hence, mg is regarded as the load disturbance. 
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